This article suggests and discusses two novel aspects for the formulation of standards for environmental toxicants. First, uniform national standards for each pollutant will be underprotective for some ecosystems and overprotective for others, inasmuch as the toxicity of a pollutant to the indigenous biota is dependent on the physicochemical properties of the recipient environment. As the number of chemicals that need regulation is immense and as microbes appear to respond similarly to pollutant-abiotic factor interactions as do plants and animals, it is suggested that microbial assays be used initially to identify those abiotic factors that most influence the toxicity of specific pollutants. Thereafter, additional studies using plants and animals can focus on these pollutant-abiotic factor interactions, and more meaningful standards can then be formulated more rapidly and inexpensively. Second, it is suggested that the response to pollutants of microbe-mediated ecologic processes be used to quantitate the sensitivity of different ecosystems to various toxicants. Such a quantification, expressed in terms of an "ecological dose 50%" (EcD50), could be easily incorporated into the methodologies currently used to set water quality criteria and would also be applicable to setting criteria for terrestrial ecosystems.
aquatic ecosystems. The Water Quality Criteria for 65 categories of chemicals considered toxic under the 1977 Amendments to the CWA were set at levels considered safe for human health and for various components of the aquatic biota (6) (7) (8) (9) . These criteria were later defined in terms of 129 specific priority chemicals that are to receive the maximum possible control in the discharge of effluents (10) . As there is no "Clean Soil Act", EPA has not formulated criteria or standards for toxicants occurring in terrestrial environments. However, the level of toxicants in soils is indirectly monitored by the Federal Food, Drug, and Cosmetic Act (FFDCA), which requires EPA and the Food and Drug Administration (FDA) to set action levels and tolerances for permissible levels of toxicants in foods. In this manner, some pollutants entering the food chain from contaminated soils and then consumed by human beings are regulated (11) . Furthermore, TSCA requires the preproduction testing of any new chemical or any existing chemical with new uses which "may present an unreasonable risk to health or the environment," including both aquatic and terrestrial ecosystems.
This article discusses two aspects involved in developing standards for toxicants as related to basic environmental safety but not directly to protecting human health. First, the toxicity of a pollutant to the indigenous biota is dependent, in part, on the physicochemical properties of the recipient environment. Because of the large number of chemicals that require testing, it is suggested that microbial assays be utilized as the initial screening system to identify those abiotic factors that influence most the toxicity of different chemical pollutants. Once these interactions have been identified, further testing should be with representative species of the macrobiota. Second, microorganisms in natural habitats, as well as many of the basic ecologic processes that are under the control of microbial activities and which are needed to maintain the quality of the biosphere, are sensitive to pollutants. However, when formulating standards for the toxicants mandated by the CAA and criteria for toxicants identified by the CWA, EPA did not consider the potential adverse effects of these toxicants on the various microbemediated ecologic processes (e.g., biogeochemical cycles, litter decomposition). Consequently, it is suggested that the adverse effects of toxicants on microbe-mediated ecologic processes be incorporated into the methodologies currently used to set environmental standards. The development of a new formulation, termed the EcDsn (i.e., the ecological dose 50%, which is the concentration of a toxicant that inhibits a microbe-mediated ecologic process by 50%), would greatly facilitate the incorporation of data on the adverse effects of toxicants to ecologic processes into the methodologies involved in regulatory legislation.
Physicochemical Factors: Modifiers of Pollutant Toxicity High Risk Environments
Regulatory agencies that establish permissible levels for toxicants in foods, the workplace, and the environment have recognized the existence of hypersensitive subgroups within the general human population. These hypersensitive individuals are termed "high risk groups," and their sensitivity is determined, depending on the specific toxicant, by such biotic factors as nutritional status, genetic constitution, developmental stage, and overall health. For example, when setting action levels and tolerances for lead (Pb) in foods and milk, FDA recognized the hypersensitivity of infants and toddlers (11) , and EPA, in its health assessment for cadmium (Cd), stated that "due to increased absorption of Cd being associated with certain nutritional deficiencies, e.g., insufficient levels of dietary iron (Fe), zinc (Zn), or calcium (Ca), older members of the population are likely to be at even greater risk" than the general population (12) . The National Institute for Occupational Safety and Health (NIOSH), in its review of the scientific literature on occupational exposure to DDT that was prepared for the Occupational Safety and Health Administration (OSHA), noted that "female workers exposed to DDT and other pesticides are reported to have suffered a significantly higher frequency of miscarriages and prepartum disorders than less exposed controls" (13).
The toxicity of an environmental contaminant to the biota is influenced, in part, by the physicochemical properties (Table 1) of the recipient environment. The toxicity of a pollutant may be reduced by the specific abiotic properties of one ecosystem, whereas in another ecosystem with different physicochemical characteristics, the toxicity of an equivalent dose of the same pollutant may be potentiated (14) (15) (16) (17) . The latter environments should be considered high risk environments. High risk groups and high risk environments are essentially similar concepts: a high risk group is a population for which the toxicity of a pollutant is magnified; a high risk environment is an ecosystem in which the toxicity of a contaminant to the indigenous biota is magnified. Consequently, just as regulatory agencies recognize high risk groups when establishing safe levels of contaminants in foods, the environment, and the workplace, similar consideration should be directed to identifying high risk environments (18) . Most standards for toxicants are based on a series of assumptions, e.g., that the response of rodents to a toxicant can be extrapolated to setting a stan4ard for that toxicant suitable to protect human beings; that the response of a few test species to a toxicant can be extrapolated to setting a standard that will protect the multiplicity of life in an entire ecosystem against that toxicant. If the assumptions are either incorrect or incomplete, such as result of the failure to recognize the existence of high risk environments, then the regulations based on these assumptions will be inappropriate to provide proper protection (19) . A standard for an environmental toxicant that is based on only one set of abiotic environmental variables may be overprotective or underprotective for ecosystems with differing physicochemical properties (1, (15) (16) (17) .
To illustrate how physicochemical environmental factors influence pollutant toxicity, some heavy metal pollutants will be used as examples. Physicochemical factors may influence the toxicities of heavy metals by affecting their (a) chemical speciation form, (b) chemicalphysical mobility and (c) bioavailability. For example, in marine environments, Cd occurs primarily as a mixture of CdCl+/CdClJCdCl3-, whereas in acidic or neutral fresh waters it occurs as Cd2' (20) (25) . Nickel and Cd were less toxic to fungi in hard water than in soft water, probably as a result of the higher levels of carbonate and magnesium in the hard water (26, 27) .
Inorganic cations present in various environments may influence the bioavailability and uptake of heavy metals to the biota. Competition for sites on the cell surface between cations normally present in a specific habitat and the cationic forms of the heavy metals may reduce the toxicity of the heavy metals. For example, the toxicity of Ni to marine fungi was reduced in the presence of seawater. At the pH and chlorinity of seawater, Ni occurs as Ni2+, and the reduction in Ni toxicity was correlated with the Mg content of seawater, indicating that competition between Ni and Mg, which have similar ionic radii, for common sites on the cell surface reduced the uptake and, hence, toxicity of Ni (28) . The other abiotic factors listed in Table 1 also differentially affect the toxicity of heavy metals (15, 16 ).
An environment that may be high risk for one pollutant may be of low risk for a different pollutant. For example, the toxicity of Cd (24, 29) and Zn (30) to microorganisms was decreased in acidic systems, whereas that of Pb (25) and Ni (31, 32) was increased. There was no consistent relation between the toxicity of Mn and the pH of the medium (33) , and the toxicity of Hg was pH-independent (30) .
The Water Quality Criteria that were suggested by EPA indicate that regulatory agencies have begun, although only to a limited extent, to recognize that the toxicity of pollutants is dependent on the abiotic characteristics of the recipient environment. In formulating these criteria, EPA noted that "the toxicity of certain compounds may be less in some waters because of differences in acidity, temperature, water hardness, and other factors. Conversely, some natural water characteristics may increase the impact of certain pollutants." Consequently, separate criteria were set for fresh and marine ecosystems. Furthermore, as the toxicity of heavy metals appears to be directly related to the degree of hardness in fresh waters, the criteria for Cd, Pb, Ni, Zn, Cu, Cr, and Be were formulated to reflect this "sliding scale", i.e., as the hardness increases, the level of the metals that can be tolerated by the biota also increases (6) (7) (8) . For example, for hardness levels of 50, 100, and 200 mg/L as CaCO3, the criteria for Cd are 0.012, 0.025, and 0.051 ,Mg/L, respectively (9) Although other environmental factors influence the toxicity of heavy metals (as well as of other pollutants), EPA considered only the level of hardness in fresh waters. For the metals that were evaluated by EPA, the allowable levels were higher in marine than in fresh waters and in hard than in soft waters, indicating that the highest risk, or most fragile, ecosystems for heavy metal pollutants would be soft fresh waters. The focus by EPA on only hardness reflects the lack of sufficient data to establish relationships between other abiotic factors and pollutant toxicity. "Although EPA recognizes that other water characteristics such as pH, temperature, or degree of salinity (as in estuaries) may affect the toxicity of some pollutants, the data base at this time is not detailed enough for further specificity". EPA further stated that these criteria will not be "cast in concrete" but will be updated in future years when additional information becomes available (6) .
There is, therefore, a critical need for additional information on the influence of physicochemical factors on pollutant toxicity. The continued lack of such data will result in criteria that are inappropriate (e.g., they will be either under-or overprotective). Although the number of abiotic factors (Table  1) and their interactions that can modify pollutant toxicity may appear to be too complex to incorporate successfully into standards that can easily be formulated and interpreted, not all these factors are of equal importance in each ecosystem, and not all of the abiotic factors influence significantly the toxicity of each pollutant. Most ecosystems possess distinct abiotic factors that dominate and serve to characterize those environments. For example, alkaline pH and high inorganic ion content are the dominant characteristics of surface marine waters, and high cation exchange capacity, high organic matter content and acidic pH are the dominant characteristics of peat soils. Consequently, only the modifying influence of the dominant abiotic factors of specific environments on pollutant toxicity probably need be considered in the regulatory decision-making process. Furthermore, for most chemicals, perhaps only two or three abiotic factors will significantly modify their toxicity. For example, pH and buffering capacity appear to be the abiotic factors that most influence the harmful effects of acid precipitation (34 
Microbes as Assay Systems
Most research on chemical toxicants has focused on identifying the effects on human health of both acute and, to a lesser extent, chronic exposures and on identifying the molecular bases of the adverse responses. There has been only limited research to evaluate the interactions between pollutants and abiotic environmental factors and the resultant effects of these interactions on the general biota. It is the lack of such data that has hindered EPA in setting criteria that are reflective of the different types of ecosystems in the United States. The volume of chemicals that need such evaluations-e.g., 129 just for the Water Quality Criteria and an estimated 63,000 already in commerce plus approximately 1,000 new ones estimated annually (35) , the limitations in laboratory facilities (especially if microcosms are used) and trained personnel, the expensive costs, and the need for "rapid" results has prompted our recommendation for using microbes as assay systems to identify those abiotic factors that most significantly influence the toxicity of specific chemicals.
Microbes can serve as adequate monitors to predict the response of the microbiota to a toxicant as influenced by abiotic factors. For example, a compilation of data of the responses to Cd by representatives of the aquatic macrobiota (Table 2) , terrestrial macrobiota (Table 3) and microbiota (Table 4) indicates common biologic responses (as well as similar contradictions in data) among these three distinct groups to Cd toxicity as influenced by abiotic factors. Microbial assays should be used initially to identify which environmental variables, singly or in various combinations, most directly affect the toxicity of a specific chemical. Once these variables have been clearly identified for specific chemicals, further studies with representative species of the macrobiota can be performed, and criteria or standards can be formulated on the basis of their results.
The use of microbial assays to predict the toxicity of chemicals to the macrobiota, including human beings, is not novel. Chronic effects, such as genetic diseases, birth defects and cancer, appear years or even decades after the initial exposure to the toxicant, and long-term studies using animals must be conducted to detect these latent responses. Such studies are expensive: for example, a single test to determine the potential carcinogenicity of a chemical may require as long as three years at a cost of $250,000 or more. Furthermore, the "world laboratory capacity" for such chronic studies is estimated at 500 chemicals/year, which is not sufficient to keep pace with the 700 to 1000 chemicals introduced annually into commerce (98) . In response to these difficulties, short-term tests [the best known being the Ames' test (98) ] with bacteria, yeasts, filamentous fungi, plants, insects, and isolated mammalian cells have been developed and are used as rapid and relatively inexpensive predictors of a chemical's potential to cause adverse chronic effects (99) .
There is, therefore, a need for microbial assays, not only to screen chemicals for their potential chronic effects on human beings, but also to identify which abiotic factors most influence their toxicity in 2.50 matter, such as complex animal and plant tissues and excretory products. In addition to being "Nature's sanitary engineers," microbial conversion of organic matter to inorganic materials (i.e., mineralization) is an important nutrient regeneration process in aquatic (100) and terrestrial (101) ecosystems. Although most natural ecosystems contain an abundant supply of carbon, nitrogen, sulfur and phosphorus, the major portion of these elements occurs as organic complexes that, as such, are unavailable for uptake by the phytobiota (102) . Reductions in the mineralization activities of microbes would initially affect the primary producer level, with plant growth being limited. As plants are the basic components of all food chains and webs, such perturbations in plant growth would hinder the population dynamics of herbivores, carnivores and omnivores, including human beings. Thus, an adverse effect on a microbe-mediated ecologic process such as mineralization would, by a "domino effect," eventually impinge on the continued health and welfare of human beings.
Microbes are sensitive to most pollutants (14) (15) (16) (17) , and an inhibition of microbial activity is accompanied by reductions in the ecologic processes that they perform. The adverse effects of toxicants on microbe-mediated ecologic processes have not, as yet, been incorporated into the formulations for computing criteria and standards of environmental risks (18, 103) . For example, although Cd adversely affects many microbe-mediated ecologic processes (Table 5) , EPA did not consider these processes when formulating the Water Quality Criteria for this metal (104) or for other toxicants (6) (7) (8) . The need to examine environments in a "holistic framework," including microbe-mediated ecologic processes, has been noted as a goal in the 1980s for environmental analysts (105) .
It is difficult to understand the failure of environmental policy analysts and policy makers to consider the adverse effects of toxicants on microbemediated ecologic processes when formulating criteria such as the Water Quality Criteria and standards such as the National Secondary Air Quality Standards. The failure may be due to the inability to compare easily, and, thus, to evaluate and incorporate into the existing methodologies used to compute environmental criteria and standards the extent of damage by a toxicant to an ecologic process in different types of ecosystems. More probably, environmental toxicology has simply not developed to the point where the need to consider an adverse affect on an ecologic process is appreciated. It has been stated that aquatic toxicologists have only begun to address the "ecological effect" of toxicants (106) .
Ecologic Dose Fifty Percent (EcD50)
The extent of pollutant damage to some microbemediated ecologic processes can be measured effectively in the laboratory. For example, heavy metals have been shown to interfere with several microbemediated ecologic processes, such as the biogeochemical cycling of nitrogen (115, (122) (123) (124) (125) (126) (127) (128) (129) (130) (131) (132) (133) (134) (135) , sulfur (107), phosphorus (108, 133, 134) , and carbon (108, 109, 111-115, 129, 136-138) ; the decomposition of plant litter (50, 109, 110, 117-119, 133, 139) ; photosynthesis (83, 92, 115, 121, 140) ; and enzymatic activities (11, 119, 131-134, 141, 142) . As these adverse effects on ecologic processes can be quantified, it is suggested that a formulation be derived, similar to the LD. (i.e., the dose that is lethal to 50% of the exposed population) which has been used extensively to compute standards for exposures of human beings and the general biota to toxicants (143) , to allow environmental analysts and policy-makers easily to compute the extent of damage by a toxicant to a microbe-mediated ecologic process and to compare the extent of damage by the same toxicant to a common ecologic process in different types of ecosystems. Such a formulation, termed the "ecologic dose fifty percent" (EcD.) and defined as the dose of a toxicant that decreases a specific microbe-mediated ecologic process by 50% (other percentages of decrease could also be used), would permit regulatory agencies to incorporate such data into the existing methodologies used in establishing environmental criteria and standards (18, 103) .
The EcDO can be determined in a manner similar to that used for the LD., in which a population, or in the case of the EcDo, a microbe-mediated ecologic process, is exposed to progressively increasing levels of a toxicant. The resulting data, when plotted as percent mortality for the LDso or as percent inhibition for the EcD50 versus the concentration of toxicant, should approximate a broad S-shaped curve from which the LD,, (144) or the EcD. can be computed. The LD50 test, which was developed initially in 1927 for the biological standardization of hazardous drugs, has been incorporated into the routine toxicological protocol for other classes of chemicals and now is part of practically all Federal guidelines that regulate the toxicological testing of chemicals (145) . Currently, toxicologists determine LD. values of environmental chemicals for plant and animal species representative of specific ecosystems, and then, environmental policy-makers utilize the LD.
values of the most sensitive species as the bases on which to formulate criteria. Similarly, EcD50 values could be computed for different ecologic processes stressed by a common pollutant, and the EcD.
value of the most sensitive microbe-mediated eco- 
Conclusions
Cairns (146) , in discussing future needs in the biologic assessment of pollutants, mentions two concepts: "pollutant realism" and "environmental realism." Pollutant realism is attained when those characteristics of the test compound that exist in the natural environment are incorporated into the laboratory test system. As EPA has begun to recognize that the physicochemical properties of the recipient environment influence the toxicity of a pollutant to the indigenous biota, such abiotic factors should be routinely considered when formulating environmental criteria and standards. However, at present, the data base for such interactions is insufficient, and laboratory tests using animals and plants are too tedious and expensive. As the influence of abiotic factors on the response of microbes to pollutants is similar to that exhibited by more complex systems (i.e., plants and animals), it is suggested that microbial assays be used initially to identify those abiotic factors that most influence the toxicity of the various pollutants. Once these factors have been defined, additional studies should be performed with these factors using macrobiotic species representative of the stressed ecosystems and then criteria and standards formulated. Environmental realism is attained when the tests account for all aspects of the ecosystem, including those ecologic processes controlled by microbial activities. Microbe-mediated ecologic processes are critical to the continued functioning of the biosphere, and some of the environmentally oriented Federal statutes, such as TSCA, specify that adverse effects of pollutants on the environment must be determined. Thus, it is also recommended that these ecologic events be considered in the regulatory process, and it is further sug-gested that an EcD,0 formulation would be a useful tool to simplify their incorporation. 
